a b s t r a c t Sphingosine 1-phosphate lyase (SPL) is responsible for the irreversible catabolism of sphingosine 1-phosphate, which signals through five membrane receptors to mediate cell stress responses, angiogenesis, and lymphocyte trafficking. The standard assay for SPL activity utilizes a radioactive dihydrosphingosine 1-phosphate substrate and is expensive and cumbersome. In this study, we describe an SPL assay that employs an x-labeled BODIPY-sphingosine 1-phosphate substrate, allowing fluorescent product detection by HPLC and incorporating advantages of the BODIPY fluorophore. The major aldehyde product is confirmed by reaction with 2,4-dinitrophenylhydrazine. The SPL-catalyzed reaction is linear over a 30 min time period and yields a K m of 35 lM for BODIPY-sphingosine 1-phosphate. Sphingosine 1-phosphate (S1P) lyase (SPL) is a highly conserved enzyme responsible for irreversible catabolism of phosphorylated sphingoid bases generated through the degradation and recycling of membrane sphingolipids [1] . The reaction requires pyridoxal 5 0 -phosphate as the cofactor and results in the cleavage of the phosphorylated sphingoid base at the C2-C3 carbon-carbon bond, yielding a long-chain aldehyde and ethanolamine phosphate products. The major phosphorylated sphingoid base in humans is S1P, which is synthesized in most cell types and circulates in blood and lymph at high concentrations [2] . S1P signals through a family of five known G protein-coupled membrane receptors that regulate cell survival, migration, and complex processes such as vascular maturation and lymphocyte trafficking [3] [4] [5] . SPL activity in tissues and endothelium are required to regulate circulating S1P levels and maintain the chemical gradient that facilitates S1P-mediated lymphocyte egress from peripheral lymphoid organs and thymus [6, 7] . Inhibition of SPL through genetic or pharmacological approaches has been shown to block lymphocyte trafficking, indicating that SPL may be a useful target for immune modulation [8] .
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The SPL gene and gene product are highly conserved throughout evolution and are essential in vertebrates and invertebrates, although its deletion in plants did not lead to deleterious effects [9, 10] . Studies in model organisms have demonstrated that SPL expression is necessary for normal development, survival, and tissue homeostasis. The requirement for SPL in mammals is primarily attributed to its regulation of S1P. However, in Leishmania major, a null mutation of SPL blocks infectivity of the parasite due to ethanolamine depletion, demonstrating that product regulation may be critical for some physiological processes [11] .
The standard SPL assay employs a tritiated dihydrosphingosine 1-phosphate substrate labeled at C4 and C5 [12] . The assay is radioactive, time consuming, and the substrate is commercially available from only a single source. We previously developed a fluorescent assay employing an x-labeled NBD-S1P substrate [13] . Although this assay is convenient and involves less exposure to hazardous materials than 4,5-[ 3 H]-dihydro-S1P, the 7-nitrobenz-2-oxa-1,3-diazole (NBD) fluorophore has the disadvantages of being photolabile and polar [14] . The fluorophore consisting of a dipyrrometheneboron difluoride chelate (4,4-difluoro-4-bora3a,4a-diaza-s-indacene), which is referred to under the trademark BODIPY, possesses several distinctive and useful characteristics, including photochemical and chemical stability, efficient partitioning into membranes, and high molar absorption coefficient and fluorescence quantum yield, which represent significant improvements over the NBD fluorophore [15] . In this study, we have developed a BODIPY-labeled SPL substrate and demonstrated that it can be used effectively to measure SPL activity in biological samples. Abbreviations: BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; DNPH, 2,4-dinitrophenylhydrazine; DOP, deoxypyridoxine; CLAP, chymotrypsin/leupeptin/antipain/pepstatin A; GFP, green fluorescence protein; HPLC, high-performance liquid chromatography; NBD, 7-nitrobenz-2-oxa-1,3-diazole; SK, sphingosine kinase; S1P, sphingosine 1-phosphate; SPL, sphingosine 1-phosphate lyase; TBAP, tetra-nbutylammonium dihydrogen phosphate; LPC, 1-palmitoyl-lysophosphatidylcholine.
Materials and methods
Synthesis of BODIPY-sphingosine. This compound was synthesized by an olefin cross-metathesis reaction between a BODIPY analog bearing a 1-decenyl group at C-8 and an N-protected allylic alcohol derived from (S)-Garner aldehyde, followed by deprotection using boron trifluoride etherate in the presence of molecular sieves [16] [17] [18] . The product was purified by column chromatography and characterized by 1 
, 476.3254; found, 476.3259. Cell lines and preparation of cell extracts. Human SPL and murine sphingosine kinase 1 (Sphk1) were expressed in HEK293 cells. HEK293 cells expressing murine Sphk1 were generated using an adenoviral expression system as described [13] . Infection occurred at nearly 100% efficiency as determined by GFP fluorescence. Fresh whole cell extracts were prepared by tip sonication on ice for 30 s in SK extraction buffer (20 mM Tris-HCl buffer, pH 7.4, 1 mM EDTA, 0.5 mM deoxypyridoxine [19] , 15 mM NaF, 20% glycerol, and Roche EDTA-free protease inhibitor cocktail solution). Cells were infected with adenovirus expressing human SPL and a GFP marker (Ad-SPL) at a MOI of 100. The infection efficiency was determined to be >90% by quantifying GFP-positive cells using fluorescent microscopy. Cells were lysed by tip sonication for 30 s on ice in SPL extraction buffer (0.05 M potassium phosphate buffer, pH 7.2, 2 mM EDTA, 0.2 mM pyridoxal 5 0 -phosphate, 2 mM 2-mercaptoethanol, 11% glycerol, 1 mM PMSF, Roche EDTA-free protease inhibitor cocktail solution).
Phosphorylation of BODIPY-sphingosine. To generate the SK product BODIPY-S1P, 100 nmol of BODIPY-sphingosine was mixed with 1-palmitoyl-lysophosphatidylcholine (LPC) 1:9 (mol/mol) in chloroform, and the solvent was evaporated with a flow of nitrogen. The substrate mixture was resuspended in 250 ll of 20 mM MOPS, pH 7.4, 1 mM EDTA, 0.5 mM DOP, 15 mM NaF, and 1 mM 2-mercaptoethanol by tip sonication for 30 s followed by the addition of 500 ll of reaction buffer containing 100 mM MOPS, pH 7.2, 5 mM 2-mercaptoethanol, 15 mM magnesium chloride, and extract from HEK293 (Ad-mSK1) cells containing 100 lg protein.
The SK reaction was started by the addition of 250 ll of 10 mM ATP and allowed to proceed with shaking for 2-3 h, at 37°C which afforded an 85-90% of conversion of the substrate BODIPY-sphingosine to product BODIPY-S1P.
Purification of BODIPY-S1P. At the end of the phosphorylation reaction, BODIPY-S1P was purified by solid-phase extraction on a C18-E strata reverse phase column. The column was wetted with 100% methanol and equilibrated with 1-2 ml of 30% methanol in water. The SK reaction mixture was made 30% with methanol and added to the C18-E strata column. The column was washed with 1-2 ml of 30% methanol in water, and BODIPY-S1P was eluted with 4 ml of 100% methanol. The recovery and purity of the BODIPY-S1P eluted from the C18-E strata column were evaluated by HPLC as described below and by TLC using the Skipski running system (chloroform/methanol/acetic acid/saline 100:50:16:5 (v:v:v:v) and Hard layer, Silica Gel HL, 250 lm particle, 60 Å pore TLC plates (Analtech Inc) [20] . The recovery was 60-70% and the purity was 70-80%. The impurities found were BODIPY-sphingosine and LPC.
Preparation of tissue extracts. Mouse euthanasia and tissue harvest were performed in accordance with an approved Institutional Animal Care and Use Committee protocol. After 1-2 cm of small intestine from SPL wild-type an SPL knockout mice were homogenized at 0°C by tip sonication in tissue lysis buffer (5 mM MOPS, 1 mM DTT, 1 mM EDTA, 0.25 M sucrose, 10% glycerol with PMSF, and Roche EDTA-free protease inhibitor cocktail solution), the homogenates were subjected to centrifugation at 500g to clarify the extracts. The supernatant was used for SPL activity assays.
SPL assay. The assay was performed using 5 nmol of C18-E strata purified BODIPY-S1P as substrate. The substrate was dispersed in 100 ll of SPL reaction buffer (0.6 mM EDTA, 0.4 mM pyridoxal 5 0 -phosphate, 3 mM DTT, 70 mM sucrose, 36 mM potassium phosphate buffer, 36 mM NaF) containing 0.08% Triton X-100 by sonication for 10 min. Cell extracts containing 25-50 lg of total protein in a volume of 20 ll were added to start the reaction, which proceeded at 37°C for 30 min or longer, as indicated. With the exception of assays for K m determination, the final concentration of BODIPY-S1P was kept at 40-50 lM to assure maximum reaction rates. The concentration of Triton X-100 was kept at 1 mM to assure formation of micellar structures. Boiled cell extracts were used as a blank. The reaction was stopped by adding 350 ll of 1% perchloric acid, followed by 2 ml of chloroform/methanol 1:2 (v:v). The phases were separated by addition of 700 ll of 1% perchloric acid and 700 ll of chloroform. The lower organic phase was washed twice with 1% perchloric acid/methanol 8:2 (v:v), dried, resuspended in methanol, and injected onto the HPLC column (4.6 Â 75 mm Luna C18-column (Phenomenex, Torrance, CA). BODIPY-sphingosine was used as an internal standard. BODIPY-labeled compounds were separated by HPLC at a flow rate of 1 ml/min. The mobile phase consisted of solvent A (water) and solvent B (methanol/5 mM acetic acid in water/1 M tetra-n-butylammonium dihydrogen phosphate (TBAP), 95:4:1 (v:v:v)). The gradient used was 0-2 min with 30% solvent A/70% solvent B, 2-5 min from 70% to 100% solvent B, and 5-9 min with 100% solvent B. The fluorescent, BODIPY-containing compounds were detected as described above and the peaks were integrated for quantification.
Aldehyde labeling. The aldehyde product from the SPL reaction was identified after reaction with 2,4-dinitrophenylhydrazine (2,4-DNPH), which converts aldehydes to the corresponding 2,4-dinitrophenylhydrazone derivatives. The SPL product mixture was extracted into the organic phase by two-phase extraction as described above in the SPL assay and was dissolved in 20 ll of methanol. The derivatization was conducted by adding 20 ll of a solution of 5 mM 2,4-DNPH in methanol containing 2 M HCl to the methanolic solution of the product. After the reaction was allowed to proceed for 1 h in the dark at room temperature, the reaction mixture was injected onto the HPLC column and the compounds were separated and detected as described above.
Protein determination. Total protein determination was performed by Bradford method [21] .
Results and discussion

Synthesis of BODIPY-labeled S1P as a SPL substrate
The structure of x-labeled C 13 BODIPY-S1P is shown in Fig. 1 . Compared to the x-NBD-linked S1P analog used in our previous method (see Fig. 1A for structure) , the long-chain base linking BODIPY to S1P is shorter by five methylene groups [13] . BODIPY-S1P was prepared by incubating the fluorescently labeled sphingoid base with whole cell extracts from HEK293 cells expressing an adenoviral murine SK construct (Ad-mSK1), as described in Materials and methods. BODIPY-S1P was purified by solid-phase extraction on a C18-E strata column. BODIPY-S1P and a small amount of unreacted BODIPY-sphingosine were detected in the final substrate preparation by HPLC with retention times of 7.0 and 7.3 min, respectively.
BODIPY-S1P as a substrate analog of SPL
We have previously shown that x-linked NBD-S1P is an effective substrate for the SPL reaction [13] . Based on this observation, we reasoned that x-linked BODIPY-S1P would also be a suitable substrate for the SPL reaction. To test this hypothesis, semi-purified BODIPY-S1P was incubated with cell extracts containing 0.2-0.3 nmol/mg/min SPL activity by virtue of an adenoviral expression construct driving expression of human SPL (Ad-SPL), as described in Materials and methods. The SPL reaction was allowed to proceed for various time periods and stopped by addition of a mixture of perchloric acid, methanol, and chloroform. The reaction products were isolated by chloroform/methanol extraction, dried, and resuspended in methanol. BODIPY-labeled compounds including BODIPY-sphingosine, BODIPY-S1P, and BODIPY-labeled reaction products were then separated by HPLC. The BODIPY-sphingosine and BODIPY-S1P peaks displayed retention times of 7.0 and 7.3 min, respectively. We observed two additional peaks, a major peak at 7.9 min and minor one at 8.4 min, suggesting the formation of SPL products (Fig. 1B) .
Confirmation of BODIPY-labeled SPL product peak
We have previously shown that the NBD-aldehyde (major) product formed in the SPL reaction can be identified after reaction with 2,4-DNPH, a reagent known to react with carbonyl groups. Therefore, we incubated the BODIPY compounds from the SPL assay with 2,4-DNPH. Following incubation and HPLC separation of the DNPH reaction mixture, the signal from product peak 1, exhibiting a retention time of 7.9 min, was absent (Fig. 2) . In contrast, the signals from the later peaks were not affected. Thus, peak 1 was confirmed as the major aldehyde product.
SPL activity as a function of time and substrate concentrations
The amount of product formed with respect to time was linear for up to 30 min (Fig. 3A) . To determine the SPL activity at different concentrations of BODIPY-S1P substrate, the concentration of Triton X-100 was maintained at 0.8 mM, which is significantly above the critical micelle concentration of 0.24 mM, whereas the substrate concentration was varied from 1 to 60 lM. The reaction was stopped at 30 min in order to maintain the reaction in the linear range with respect to time. The reaction was linear up to 10 lM substrate, and the K m using BODIPY-S1P was 35 lM (Fig. 3B ). This K m is slightly higher than that observed in the standard and NBDbased assays, both of which yielded K m values of 14-20 lM [13, 22] . This difference in K m values may be at least partially explained by the different linker lengths in the two model substrates:
The BODIPY-S1P substrate used in the current study contains a significantly shorter carbon chain length than the NBD-labeled C 18 -S1P employed in our previous study, making it less hydrophobic.
Measurement of SPL activity in genetically modified mouse tissues
To assess the applicability of the BODIPY-S1P fluorescent assay for measurement of SPL activity in mammalian tissues, we measured SPL activity in wild-type mouse small intestine tissues, which normally contain high levels of SPL activity [23] , and compared it to that of small intestine tissues from a genetically modified SPL knockout mouse [24] . As shown in Fig. 4 , SPL activity in wild-type intestines was approximately 40 nmol product/mg protein/min, and SPL knockout tissues was not detectable. These results confirm that the BODIPY-S1P SPL assay method is useful for measuring SPL activity in tissues as well as cell extracts.
In summary, BODIPY presents a number of advantages as a fluorophore, including chemical and photochemical stability, high fluorescent intensity, insensitivity to the polarity and pH of the environment, and facile integration into membranes. BODIPY has been effectively linked to a variety of lipids including fatty acids, triglycerides, phospholipids, glycolipids, cholesterol, and the S1P analog FTY720 [15, 18, [25] [26] [27] [28] [29] . BODIPY-labeled fluorescent lipids have been used to visualize lipid trafficking in living animals and the subcellular compartments of living cells, to examine mem- brane microdomains and to quantitate enzyme activity [27, [29] [30] [31] [32] ]. In the current study, we have developed a new SPL assay that employs a BODIPY-S1P substrate and is useful for the measurement of SPL activity in cells and tissues. Similar approaches could be used to label a variety of sphingoid base phosphate molecules with BODIPY in order to test enzyme specificity requirements and to measure the activity of SPL homologs using appropriate substrates, i.e., those endogenous to the organism in which the enzyme normally functions. Fig. 3 . SPL activity with respect to time and SPL substrate concentration curve using BODIPY-S1P as substrate. Time-dependent formation of SPL product using 25 lg of total protein and 35 lM substrate. The data represent at least three independent experiments (A). Substrate-dependent formation of SPL product using 25 lg of Ad-SPL total protein in 30 min. Each data point represents the mean ± SD of two independent experiments (B). 
